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We report methodology that combines an ultrawide band mul-
tifrequency microwave system with technology of high magnetic
fields for solving challenging problems in electron magnetic reso-
nance (EMR) spectroscopy. This strategy has been made possible
due to a novel EMR facility operating in an exceptionally wide
range of microwave frequencies of 24 GHz to 3 THz, at magnetic
fields up to 17 T, and in the temperature range of 1.6 to 330 K. The
basic configuration of the multifrequency system works in a trans-
mission mode and employs oversized cylindrical waveguides for
routing the microwave power. A wide-band, low-noise, liquid he-
lium cooled (4.2 K) InSb bolometer is used for signal detection.
This approach results in an extremely wide-band performance,
thus making it possible to employ a variety of solid-state millime-
ter and submillimeter microwave sources in combination with a
far infrared laser microwave source for performing multifrequency
EMR experiments. A complexity of resonant structures and re-
lated technical problems such as microphonics at high magnetic
fields is virtually eliminated. The system is simple, yet sensitive,
and has been revealed to be extremely advantageous while solving
such problems as observation of AFMR transitions in spin-ordered
systems, g-factor resolution enhancement in complex organic rad-
icals, and resonance signal detection in EMR-silent spin systems
having integer spin and large zero field splitting. A technical
description of the multifrequency high-field EMR facility is pre-
sented and results of its performance tests are given. The potential
utility of using the multifrequency high-field methodology in EMR
studies is illustrated with selected examples of its recent
applications.  © 2000 Academic Press

Key Words: broadband high-field EMR spectroscopy.

I. INTRODUCTION

magnetic spin systems, is a widely used tool in many fields ¢
contemporary science, ranging from physics and chemistry
biology and medicine.

Traditionally, the EMR technique employed technical solu
tions and microwave frequencies corresponding to lower ban
of the microwave electromagnetic spectrum. Commerciall
available and homebuilt EMR systems usually operate at
crowave frequencies ranging from 3 GHz (S band) to 35 GH
(Q band) (, 2). In the eighties, however, an increasing numbe
of groups ventured into higher frequencies and fiel8is7).
The past decade confirmed this trend; for a fairly recent revie
see, for example, Ref8). The rationale for extending micro-
wave radiation frequency beyond lower microwave bands is
consequence of improved spectral resoluti®df and higher
overall sensitivity at corresponding higher magnetic field
(9, 10. The high-field technology makes it also possible t
reach non-Kramers spin systems, i.e., integer spin systel
having large zero field splittingl{—13. Such spin systems are
often EMR-silent at conventional low microwave frequencie:
and low magnetic fields. Recently, several authors have r
viewed technical aspects and advantages of application
high-field EMR (HF-EMR) technique to numerous spin sys
tems (14-16.

It is customarily accepted that EMR spectrometers perforn
ing at frequencies higher than 90 GHz are referred to @
high-field EMR systems. The advent of the HF-EMR techniqu
has been made possible due to improvements in the design
superconducting magnets for nuclear magnetic resonance sg
troscopy. Superconducting magnets fulfilling the requiremen

Electron magnetic resonance spectroscopy (EMR), a tedi-high stability and reasonably high homogeneity in conjunc
nique for studying paramagnetic, ferromagnetic, and antifernden with the ability for fast sweeps at magnetic fields up to 1°
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T,are becoming commercially available. Due to a significar

progress in the design of resistive magnets, the highest me
daketic fields available for the cw high-field EMR spectroscopy
_have recently been extended to 25 T7)( With the use of

resistive-pulsedl®) and hybrid (9) magnets even higher field
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troscopy. However, the latter magnets are by far more comp!
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cated in use and have poorer resolution properties than fhequency range of the system (95 to 550 GHz). The upp
superconducting solenoids. frequency bands (up to 3 THz) are covered by a set of spect
Historically, the first HF-EMR spectrometers operated at thimes of an optically pumped far infrared laser (FIR). The
microwave frequencies from the lower register (70-170 GHf)ndamental broadband configuration of the MF HF facility
of the millimeter microwave range. High-frequency klystrongas based on the direct transmission of microwave radiatic
(4, 20, backward wave oscillator2{), and harmonic gener- through the sample space. This greatly simplified the overe
ator crystals 22) were used for generating millimeter micro-design of the microwave power pathway, since the technic
wave radiation in these early HF-EMR systems. Over the pagmplexity of either monomodal cavities or tunable Fabry
15 years a considerable number of homemade high-field @#ot (FP) resonators was avoided. The microwave energy w
and pulsed EMR spectrometers have been designed. Genera|iply routed from the microwave source to the sample loc:
these systems operate around certain chosen frequencies, §4@hn the superconducting solenoid and finally to the detect
as 94 GHz 4, 23, 140 GHz @0), 250 GHz 6, 24, or 360 GHz sing sections of oversized cylindrical waveguides and appr
(25). In particular, the commercial availability of certain ClUpriately arranged metallic mirrors.
cial elements, such as wgveguides,_ and the well-developegl, spite of its simplicity, our MF HF-EMR system revealed
technology of 94-GHz solid-state microwave sources maggeif to be extremely useful when applied to samples of nor
W-band EMR systems especially popular. Recently, Brukghited availability. In particular, it enabled one, for the first
Analytik GmbH commercialized a 94-GHz syste@6(27.  (ime, to observe a complete set of antiferromagnetic resonan

_ Although the potential of possible applications of the mulaF\R) modes in the magnetically ordered state of KMnPO
tifrequency (MF) approach in combination with high-fiel O and related layered manganese organic phosphona

EMR spectroscopy had been early and widely recogniged, 3). The capability of observing AFMR resonances in ar
HF-EMR systems have not become very popular. Their dev xceptionally wide range of electromagnetic radiation frequer

opment has long been restricted by the lack of reliable and e Ys as well as using broad magnetic field sweeps, made

way to operate microwave sources in millimeter and subm jossible to accurately determine important parameters char:

I|_meter freque-ncy ranges. Fur.thermore, gmployment of tra é—rizing the magnetically ordered phase of this spin system.
tional waveguide-based techniques for microwave propagatign : .
should be stressed that these antiferromagnetically order

has become increasingly difficult at frequencies higher thanstems, successfully studied with our multifrequency higt

100 GHz. At such high frequencies, single-mode rectangular : . !
; . ; . . ield apparatus, are EMR-silent at conventional frequencie
waveguides are becoming excessively lossy, with their theo:

retical propagation loss being of3 and~12 dBm* at 100 a_md fields. Two_ other_ examples of the multifrequency high
and 250 GHz, respectivel2®). The experimentally observedf!eld approach, including e_nhan(_:ement of théactor reso'?'
insertion loss of monomodal waveguides can be even higﬁI d fqr a complex organic r_adlcal,_as well as EMR signa
due to imperfections and rapidly increasing surface resistivi tection frpm a sys_tem having an integer SFﬁh:(.Z) and
of metallic walls with increasing frequency. This fact is o% rge zero field .spl|tt|ng, are glso presented (Sec_:t|on 'V,)'
particular importance while designing the high-field EMR sys- It is worth noting that. technical problems associated with th
tems whose dimensions and corresponding microwave paifultifrequency operation of HF-EMR systems can also b
ways are usually much longer than for traditional, low-fiel@Vercome using a strategy that is based on a variety of qua
operating spectrometers. optical (Q-O) tec_hnlqueg. T_he emerging technology an
Technical difficulties associated with the design of micrd2roader commercial availability of extremely low-loss anc
wave propagation circuits operating within a large frequenfg‘qﬁpers!ve quasi-optical elements such as broadband
range can be overcome by using overmoded transmission lifé&cting optics and corrugated waveguides seem to be partic
Such oversized cylindrical waveguides reveal a tolerable ity attractive for MF HF-EMR applications. The experimen-
sertion loss that is less than 1 dBhior frequencies lower than tally measured propagation loss of a straight section of tf
440 GHz @9). There is a large body of the literature dat&Ylindrical corrugated waveguide was found to be only of 0.0
regarding successful applications of cylindrical oversize#Bm ', compared to 4-5 dBni for a high-quality single-
waveguides and avoiding resonant structures for microwa¥@de waveguide at 90 GH3¥). Moreover, precise mode and
transmission and signal processing while performing multifr@hase control, similar to that known from low-frequency
quency EMR measurements at high magnetic fieldgaveguide-based EMR devices, can be achieved in Q-O s\
(7,13, 17,19, 30-34 tems. Using the Q-O approach it is possible to design a higl
We explored the technology of overmoded waveguiddgequency microwave bridge that can operate in an almo
while designing the multifrequency (24 GHz to 3 THz), highanalogous way to well-known low-frequency microwave
field EMR spectrometer described in this paper. The lowdstidges, thus allowing for both amplitude and phase control i
frequency range (from 24 to 130 GHz ) was covered with the spectrometer reference arm. A number of HF-EMR spe
tunable YIG transistor oscillator. A set of solid-state microtrometers employing the Q-O approach have already been bt
wave sources (Gunn oscillators) was used to cover the mid¢ge 24, 25, 35-3)f However, a truly multifrequency broadband
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operation of such HF-EMR systems, comparable to that pre- R
sented in this paper, has yet to be experimentally demonstratgd: Chopper OSCILLOSCOPE
i MICROWAVE

Another recent approach for developing MF HF-EMR  “s5pces i Y e i
probes is based on the implementation of wide bandwidth 23-3000 GHz: OETECTORS.
dielectric resonators known as whispering gallery mode resp- mvna s.18 GHz T = QMC Instruments L1d.
nators 88). This promising technology offers a high merit|srgo suLtioLiers| “]ﬂ % d R ey

i i i i i to 550 GH: b

factor, Q,, that only slightly declines with increasing #re | et 3G : Schottky DIODE
qguency. High filling factors can also be expected for suchFir 525 -3000 GHz

) ) . . . " Cylindrical Waveguides
resonant sample probes, which will result in potentially high TR

sensitivities over a wide frequency range. Nevertheless, pr
tical applications of these novel devices are still necessary
prove their usefulness for multifrequency high-field EMR
spectroscopy.
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Il. TECHNICAL OVERVIEW

A. Concept of the MF HF-EMR Spectrometer

A

The general outline of the MF HF-EMR system is shown in
Fig. 1. The facility employs a 17-T superconducting magnet
and a set of solid-state microwave sources covering the spectral gt
range of 24 to 550 GHz. Incorporation of an optically pumped it
far infrared laser microwave source enables one to extend the it
upper frequency limit to 3 THz. The basic configuration of the
spectrometer uses oversized cylindrical waveguides for trans- “
mission of the microwave power from the source to the sample ;s .atrRoN
space and for routing the transmitted power to the detector. QEFORD INSTRUMENTS =
operates in the Faraday geometry with the microwave propa- =~ SweepCail: #-01T |
gation parallel tp the St.atlc magnetic fl(io(). This aeproa(;h, FIG. 1. Schematic diagram of the MF HF-EMR spectrometer operating ir
already known in the literature as the “single-pass Conf'gurﬁfe single-pass transmission mode. Microwave power is transmitted throu
tion (7), implies fewer technological constraints, which arge sample compartment located in the central part of the superconducti
typical to single-mode propagation in rectangular waveguideslenoid. The continuous flow cryostat (VTI) that accommodates the tran
It suffers, however, from the low microwave power level at th@ission single-pass and double-pass probes or the FP resonator is not sh

" . in this simplified diagram.
sample position compared to the systems containing reson3if
structures. Generally, it is also more difficult to preserve and
control polarization and phase of the propagating beam in theThe other major features of the MF HF-EMR spectromete
oversized cylindrical waveguide-based systems. However, figpicted in Fig. 1 are microwave detectors, consisting of eith
many cw EMR experiments these disadvantages are counteliquid helium cooled, broadband magnetically enhanced pe
balanced by the fact that the concentration sensitivity offeréormance bolometer, Model QFI/3BI from QMC Instruments
by the transmission-type systems remains high $implicity Ltd. (London, Great Britain), or Schottky diodes. In addition tc
of the overall spectrometer design and virtual lack of micr@ecording conventional spectra (first harmonic of the magnet
phonics are also strong arguments in favor of the transmissitgld modulation frequency, absorption in-phase), the syste
approach. The latter factor is of extreme importance whilaakes it also possible to simultaneously monitor amplitude ar
investigating spin systems having very broad linewidths thphase of EMR signals. This latter feature is achieved withot
require large modulation for satisfactory sensitivity. The schezragnetic field modulation when using a Millimeter Vector
matic outline of the single-pass transmission probe is shownNetwork Analyzer (MVNA), Model No. MVNA-8-350 from
the central part of Fig. 1. AB Millimetre (75005 Paris, France) for the front-end signa

For small-size and spin-concentrated samples, as well aspoocessing. A detailed description of the vector detection sy
lossy aqueous samples, we found it useful to implementtem applied for recording EMR spectra can be found in Re
modified version of the transmission probe, i.e., a “doubl¢39). For acquiring conventional cw EMR spectra the fielc
pass” transmission probe (Section B of this chapter). In ordeodulation -10 kHz) is provided by a function generator,
to increase the absolute sensitivity of our MF HF-EMR facilitflodel No. TG210, manufactured by Thurlby & Thandar.
for such samples we also designed a FabmgPeesonator Before energizing the modulation coil, the modulation signal i
(29). fed into a MOS-FET current amplifier, Model No. X-820HD

DATA ACQUISITION

PENTIUMII PC

THURLBY & THANDAR
MODEL TG210
FUNCTION GENERATOR
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(Analogue Associates). The cylinder-shaped, 50-mm-long(3) the MVNA synthesizer and harmonic generator as
modulation coil was wound around a fiberglass-made (G-18)icrowave source and a corresponding Schottky diode detec
mandrel. In order to eliminate microphonics, the modulatiofmo modulation of the magnetic field);
coil was tightly fitted to the lower section of the stainless steel (4) a Gunn oscillator as microwave source and a corre
cylindrical waveguide. This part of the waveguide is located isponding Schottky diode combined with the MVNA for detec-
the most homogeneous section of the magnetic field and &on (no modulation of the magnetic field);
commodates the sample compartment and sample holder. Thé) the FIR laser with the bolometer as a detector an
modulation coil delivers the modulation field amplitude up tanodulation of the magnetic field.
2.5 mT at 10 kHz. . . The last configuration (5) mostly used in combination witl
Generally, the QMC bolometer is used for detection when . : . L

) , a_different, high-resolution 25-T resistive magnet was de

conventional cw EMR field-swept spectra are recorded. After

detection and preamplification, the signal is fed into a phassec—”bed in Ref. {7). A brief characterization of the above-

. . o entioned spectrometer configurations is presented in Secti
sensitive detector. A lock-in amplifier (Model No. DSP SRSSH}. For acuni)ring conventionalgfieId—sweptpcw EMR spectra

from Stanford Research Systems,. Inc., Sunnyvale, CA) is ustﬁ% first configuration (1) of the MF HF-EMR facility is mostly
to single out and process the signal component that corre-

sponds to the field modulation frequency. EMR spectra are
monitored and stored in a !Dentium 233-MHz .PC computeg.._ Spectrometer Components
The PC-based data acquisition system runs using a homewrit-
ten software that works within the LabVIEW (National Instru- 1. Magnet system.Magnets that are able to deliver homo-
ments) 4.1 environment. A standard GPIB board is used fgeneous and stable magnetic field of large intensity are pr
retrieving data from the lock-in amplifier. The serial port of théequisite for the HF-EMR technology. The HF-EMR systen
PC is used for communication with the magnet power Suppﬂ))perational at the NHMFL in Tallahassee, Florida, was bui
and for monitoring the sample temperature. around a prototype commercial superconducting 17-T magne
We found it useful to monitor the total power incident on thd eslatron from Oxford Instruments (Witney, Oxon, England)
detector during the microwave beam adjustments or whildlis magnet contains two sets of coils: (1) the main set of coi
changing the microwave sources. For this purpose we usetsgd for setting the fundamental component of the Zeem:
variable frequency optical chopper, Model No. 300 from Scitételd or for generating large field scans (up to 17 T) and (2) th
Instruments Ltd. (Redruth, Cornwall, England). The blade &fveeping coil producing the magnetic field sweep that is ne
the chopper was inserted into a gap between a section of gssary for performing conventional high-resolution cw EMF
cylindrical waveguide and the tapered horn transition attach@gperiments.
to the output of the microwave source. The amplitude-modu- The main set of coils of the Teslatron magnet consists of
lated signal from the detector was then fed into an oscilloscopgimber of coaxial solenoid sections wound with;8b and
thus providing an easy way for monitoring the microwav&lbTi superconducting filamentary wires. It can reach the ma
power available from a given source. imum field of 15 T at 4.2 K and of 17 T when cooled to 2.2 K
The extension of the working frequency range while switchising a lambda plate. The field homogeneity at 14.5 T is bett
ing from the Gunn diode-based oscillators and appropridfean 1X 10°° within a cylinder of 1 cm in diameter and 1 cm
harmonic generators to the FIR laser microwave source coilldheight. The maximum sweeping rate of the main coil is 0.!
be performed without any major modification of the spectrond/min at 4.2 K and 0.15 T/min at 2.2 K. The current decay rat
eter configuration. Independent of the microwave source usédthe magnet while in persistent mode is of the order of !
for a given experiment or the probe type, the microwave powepm/h. The sweep coil allows fot0.1 T sweeps around the
could be routed to the sample space using the same cylindrid@id set by the main coil. The maximum sweep rate of thi
oversized waveguide circuitry. sweep coil is 0.12 T/min. The helium evaporation rate is 0.
As mentioned before, the spectrometer incorporates a set-8f when the magnet operates in the persistent mode at 4.2
different microwave sources that can be combined with diffepecoming more pronounced when operating in nonpersiste
ent signal detectors (see also Fig. 1). Depending on applicatifi?de. The liquid helium consumption at 2.2 K is 5 L/h. Powe

the EMR system can be assembled using one of the followitgythe main coil and to the sweeping coil is delivered from tw
configurations: Oxford Instruments-made superconducting magnet power st

plies, Model No. IPS180-20 and Model No. IPS120-10, re

(1) a Gunn diode oscillator as a microwave source in coriPectively.
bination with bolometeric detection and modulation of the 2. Microwave sources. Multifrequency operation across a
magnetic field; wide range of millimeter and submillimeter frequencies of ou
(2) the MVNA synthesizer and harmonic generator as HF-EMR system was made possible by using a set of differe
microwave source with bolometeric detection and modulatianicrowave sources. Continuous coverage of the lowest fr
of the magnetic field; qguency range from 24 to ca. 130 GHz is provided by th
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Gunn oscillators are measured, and frequency locked to

GUEJ,“V?QQDE MI%%%%:?‘%EO EE?I%ER source locking microwave counter, Model No. EIP 578B fron
SUPPLY EIP 578B EIP Microwave, Inc. (Milpitas, CA). The resulting nominal
o O« © stability of the fundamental frequency is determined by th
Harmonic Generator Self-Bias  Stability of the EIP timer which is better than 107*° rms,
4 ) . i.e., about 10 Hz fol s averaging time. In practical operation,
=, Mechanical Tuning we have observed a long-term source stability of the order
High-Pass Filter 1 kHz when locked to the counter.
Y I The highest frequency register of our MF HF-EMR facility
&%T)l;f: =) = % S — - ‘z’%> is provided by a CQ pumped far infrared laser, Model No.
! Q FIRL100, from Edinburgh Instruments Ltd. (Edinburgh, Grea
=2 Pyramidal Transition, - Britain). |t offers a series of discrete frequencies starting fror
: ; . WR-6/cylindrical
0 0 00 cmorme oSzt soverer becaise of e o v
i Chol y Diode
T~ | 1] @'§ x ~\HarmonicGenerator  creqsing sensitivity of the bolometer detector at the high
/ Isolator / 60 dB Attenuator .. frequency end, the infrared laser-based microwave source

"\ Mechanical Tuning mainly used to span the high-frequency range of 525 GHz to
THz. Compared to the solid-state microwave sources used
our system, the FIR laser source has much higher amplitu
and phase noise levels. The infrared laser source also suff
from the lack of tunability and substantial complexity of op-

FIG. 2. Schematic diagram illustrating the design of the 110-GHz (EsA€ration and maintenance.

110) and 95-GHz (ESA1-95-5) Gunn diode-based microwave sources em-The characteristic frequency bands and corresponding n

ployed in the MF HF-EMR system. The pyramidal transition, the WR-@rowave power levels available from different sources of ot

rectangular/overmoded cylindrical waveguide, for the 110-GHz operating qgnz HF-EMR spectrometer are listed in Table 1 according t
vice is to be substituted by the pyramidal transition, and the WR—lO/overmodﬁd ’

cylindrical waveguide for the 95-GHz operating source, respectively. ef. (40) ) o
3. Microwave detectors. Depending on the application

and frequency of operation of our MF HF-EMR spectrometel
MVNA. Microwave frequencies in the range of 8-18 GHz arghe front end of the signal detection processing consists -
produced in the MVNA's internal quartz-stabilized yttriumeijther a bolometer or a Schottky diode. The bolometric optio
iron garnet oscillator and subsequently fed into a Schottiemploying the QFI/3BI liquid helium cooled fast InSb hot-
diode harmonic generator which acts as a frequency multipligfectron bolometer provides signal detection with a particularl
Although available from the MVNA, the frequency range of §igh sensitivity with the noise equivalent power (NEP) of £0
to 24 GHz has no practical application since the cylindricgl//y/Hz. At 4.2 K its response time is'1 us, which makes it
waveguide circuitry used in our system becomes excessivedgt enough to allow for field modulation frequencies up to :

lossy at frequencies lower than 24 GHz. The intermediafHz. While this type of detector offers both fast and sensitive
frequency region (from 92 to 550 GHz) is covered using two

Gunn oscillators manufactured by AB Millittre, Model Nos.

[ :Frequency Control
/ Harmonic Mixer |

/' Mechanical Tuning

ESA1-95-5 and ESA1-110. These microwave sources have TABLE 1
their nominal operating frequencies centered around 95 and Frequency Range and Output Power Available
110 GHz and are mechanically tunable within their specific from the Different Microwave Sources

intervals of 92 to 98 GHz and of 107 to 113 GHz, respectively.

Higher frequencies are obtained by frequency multiplication. S°Urce Frequency [GHz] Power [mW]
Therefore, egch of the ngn diode oscillators is (_equipped WIRNA 8130 10-0.01
a Schottky diode harmonic generator. A block diagram of th&,nn 95 GHz 95 52
110 GHz operating source, ESA1-110, is shown in Fig. 2. The 190 3.6
outline of the 95-GHz operating source is similar. Both sources 285 12
are also equipped with a set of exchangeable high-pass filters igg 00'264
adjusted for d!fferent frequency bands. For the 110-GHz . 110 GHz 110 42
source, these high-pass frequency bands are 220, 330, 440, and 220 37
550 GHz, whereas for the 95-GHz source, the high-pass fre- 330 1.7
guency bands are 190, 285, 380, and 475 GHz. The high-pass 440 0.96
output filters permit lower harmonics to be cut off, dependin 550 0.18

R laser 158-7500 0.1-200

on the frequency of interest. The operating frequencies of the
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cw detection, its limitation is in its sharply decreasing sensi- STAINLESS STEEL
tivity outside the frequency range of 70 GHz to 1.5 THz. o _WAVEGUIDE

As mentioned before, Schottky diodes represent another Pyl
alternative for detection. While they are faster than bolometers
and do not need to be cryogenically cooled, their sensitivity is
at least one order of magnitude lower, with a maximum NEP
around 10" W/\/Hz (40). In the case of our MF HF-EMR
system the Schottky diodes detectors were exclusively used in
combination with the MVNA-assisted vector detection when
we found it convenient to simultaneously acquire amplitude
and phase-related changes of the EMR signal.

A MODULATION COIL

1 SAMPLE COMPARTMENT

_SAMPLE HOLDER

LOWER BRACKET

4. Propagation elements and sample probed/e used
sections of brass-made tubes (10.0-mm ID and 12.0-mm OD)
of appropriate length for manufacturing all parts of the micro-
wave pathway outside of the cryostat. These mainly horizontal
waveguide elements were employed to span the distance from
the microwave source to the probe and from the probe to the
detector entrance. In order to minimize the thermal loading
while working at low temperatures, we used thin-wall a b
(10.0-mm OD, 9.6-mm ID, and 0.2-mm wall thickness) stain- , , _ o

. IG. 3. Cross-sectional view of the lower section of the transmissior
less steel tubes .tO. assemble the CryOg_enIC inserts of bgj es. (a) Outline of the lower part of the single-pass transmission probe. |
probes. Heat radiation shields made of circular copper plai@giine of the lower section of the double-pass transmission probe.
were attached to the stainless steel waveguides to protect

against room temperature radiation when working at lowge: mirror reflecting back the microwave power transmitte
temperatures. These elements, attached to the waveguideg By ,gh the sample terminates the lower end of the stainle
means of miniature brass-made brackets, also provided Magse| waveguide section. The sample is exposed to the mict
chanical stiffness to the cryogenic part of the sample insertyaye power twice, since the beam transmitted through it
The microwave pathway of the single-pass transmissioBfiected back to the sample by the bottom mirror. The proce
probe contains four deflecting 45° mirrors made of opticallys the sample positioning in this probe is similar to that use
polished brass. The location of these mirrors is shown in Figy the single-pass system. If necessary, the sample comps
1. Two such mirrors are located under the sample space, in fignt can also be positioned directly on the planar mirror. Th
bottom part of the probe. The outline of this portion of thgytal length of both probe heads, as measured from the cryos
single-pass probe is shown in Fig. 3a. The mirrors are built i”E@)per flange to the sample location in the center of the supe
the lower bracket that was made of nonmagnetic brass. TRishducting solenoid, is 95 cm.
bracket, in its upper part, is equipped with two cylindrical Tg increase the spectrometer sensitivity, a FabnpPes-
entrances and precise cylindrical clamps that snap on #ator was designed for multifrequency operation in the fre
waveguide terminations. Such a design makes it possibleq@ency range of 110 to 330 GHz. The tunable semiconfoc
easily detach the bracket from the lower part of thgrrangement included an inductive copper mesh (upper res
waveguides, thus allowing for a quick sample exchange. TRator mirror) and a spherical metallic mirror that was located ¢
latter procedure can be performed when the probe is removRe bottom of the resonant structure. Both mirrors were m
from the magnet. Cylindrical-shaped sample compartmemianically adjustable to ensure the best performance in t
made of PTFE (9.5-mm OD, 9.0-mm ID, and 10.0-mm heigh@ntire temperature range from room temperature to 4.2 |
are used to hold samples. The sample compartments canfequency tuning of the FP resonator was achieved by hig
commodate either liquid or powdered samples up to @00 precision axial adjustment of the lower reflection mirror. De
total volume. These sample-holding elements are snugly fitttflled technical description of this newly developed resonatc
the inner hole of the cylindrical waveguide and their verticalppeared elsewher@9). The FP resonator can easily be in-
position can be precisely adjusted using short sections arporated into the same magnet/VTI setup that is used for t|
thin-wall PTFE-made tubes. single-pass and double-pass transmission probes. Since the
The lowest part of the double-pass transmission proberisonator operates in the reflection mode, a single tube is us
shown in Fig. 3b. This probe also operates in the Faraday guiding the incident and reflected microwave power in th
geometry. In contrast to the single-pass transmission probe, tigogenic section of the probe.
double-pass probe contains only one vertical waveguide secThere is a need to separate the incoming and outcomil
tion for routing microwave power to and from the sample. Aeams while employing the double-pass transmission probe

. MIRRORS -~

Bo B0
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TO DETECTOR I111. SPECTROMETER PERFORMANCE

45° MIRROR

1. Sensitivity

The sensitivity of the spectrometer varies depending on tt
configuration used. For configuration (1), i.e., employing th
45° GRID BEAM SPLITTER Gunn diode as the microwave source and the QMC bolomet
for signal detection, sensitivity measurements were performe
using the single-pass transmission probe. The following thre
different samples were used for these sensitivity tests:

(i) BDPA («,y-bisdiphenylengs-phenylallyl benzene com-

POWER FROM THE plex, Aldrich) in polystyrene film. For this sample, containing
MICROWAVE SOURCE [ MOVABLE MIRROR 9 x 10" unpaired spins, we obtained tB&N ratio of 6 x 10
(the observed EMR linewidth was 1.64 mT). The spectrum we
I taken at 328.5 GHz at 273 K, with the instrumental time
ig}’)"EéFTﬁ‘EACI“TSé‘]‘)IggIK/ITO constant of 1 s. Spectra taken at 109.5 and 219 GHz show
THE BOTTOM MIRROR similar §/N ratios.
OR FP RESONATOR (i) DPPH (2,2-diphenyl-1-picrylhydrazyl, Sigma), ground

FIG. 4. Outline of the grid-based beam splitter that was used in combtl9 ,fme powder. The sam.ple contained 3% 10° gnpa_wed

nation with the double-pass transmission probe or with the FP resonatorSRINS. The observed/N ratio was of 8.6 10" (the linewidth

movable mirror in the reference arm provides fine phase control and is a@s 0.6 mT). The spectrum was taken at 328.59 GHz at 273

used for changing the detector bias. with the instrumental time constant of 1 s. Spectra taken
109.5 and 219 GHz revealed simil&N ratios.

(iif) Phosphorus-doped silicon (Si:P). This sample con
the FP resonator, since both devices operate in the reflectiaimed 8x 10" unpaired spins. Its EMR spectrum is shown ir
mode. In our experimental setup a beam splitter that is shoWwig. 5. Two EMR features, 4.2 mT apart, correspond to th
in Fig. 4 fulfills this function. One of the horizontal arms of thehyperfine splitting due to the phosphorus nuclear spir §).
beam splitter is equipped with a movable mirror that is used féhe measure@N ratio for this spectrum is 30. The linewidth
mixing a phase-adjusted biasing wave into the microwa® a single feature is 0.275 mT. This spectrum was acquired
power reflected from the sample. We found this feature to B€ K using the third harmonic of the 110-GHz source (328.4
very useful for precise phase adjustment and control of tf12), with 0.15 mT,., amplitude of 8-kHz field modulation.
detector polarization power. The phase adjustment that wH€ instrumental time constant was 0.3 s.

provided by the movable mirror also made it easier to approx-The room temperature measurements for both BDPA ar

imately get an absorption spectrum. Technical details of tiigPPH were repeated several times. The averaged rest

design of the beam splitter can be found in R&B)( yielded a spectrometer sensitivity of 4 3) X 10" spins/G-
The warm bore of our Teslatron is 61 mm in diameter arsl The 10 K tests performed for Si:P yielded the sensitivity c

can easily accommodate a variable temperature insert (V11,2 = 0.3) X 10" spins/G- s. The sensitivity results for the

also made by Oxford Instruments, Model No. CF1200 DEGingle-pass transmission configuration are summarized in T

The inner bore of the VTI is 38 mm in diameter, thus makingle 2.

it possible to accommodate either the transmission probes or

the FP resonator. The VTI in combination with an Oxford

Instruments-made Intelligent Temperature Controller Model

No. ITC503 allows the temperature to be continuously varied

around the sample space in the 1.6—330 K range widkl K

stability. The cooling is achieved by a continuous flow of cold

gaseous helium taken from an external liquid helium container.

The heater located at the bottom of the VTI provides a possi-

bility of varying the sample temperature. The temperature

inside of the VTI can also be monitored with a standard carbon | 0.005T

glass resistor that is located above the heating element. An N _

additional Cernox thermometer, placed outside the waveguid&'G: 5 EMR spectrum of phosphorus-doped silicon acquired at 10 K

" Instrumental experimental conditions were microwave frequency, 328.4
next to the sample position, was used to sense the temperagjig: fieid sweep rate, 1.8 mT/min; field modulation frequency, 8 kHz
of the sample. modulation amplitude 0.15 mT; time constant, 0.3 s.
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TABLE 2 109.3 GHz 21§.7 GHz 328.0 GHz
Comparison of the Detectable Minimum Number of Spins for ' ‘ ‘

Different Polycrystalline Samples Measured Using the Single-Pass v WJ
Transmission Configuration (Spectrometer Configuration 1) ) ! o \/ o '
i i T

Sample  Frequency [GHz]  Temperature [K]  Sensitivity [spins&}

BDPA 330, 220, 110 273 (4+3) X102 164.0 GHz 273.3 GHz
DPPH 330, 220, 110 273 (4:3) x10% ; ;
Si:P 330 10 (1.2 0.3)x10% P

Substantial sensitivity improvement of about two orders of @ Q

magnitude, compared to the single-mode transmission mode L , , L
experiments, was obtained using the FP resonator at 330 GHz 4 5 6 7 8 9 10 11 12

(29). Sensitivities of the remaining transmission-type configu- Magnetic Field [T]

rations (2, 3, and 4) of our HF-EMR S.yStem were also mea_FIG. 6. Upfield and downfield EMR traces of the polycrystalline DPPH
sured. We used the same polycrystalline DPPH sample as Jﬁhdard sample obtained using the ESA1-110 microwave source in the m:
sensitivity testing of the single-pass transmission setup (Sp@éiic field range of 3.5 to 12 T (upper trace) and 12 to 3.5 T (lower trace). TF

trometer configuration 1). The results of these comparativein coil was used for sweeping. For both wide-scan spectra, the field swe
experiments are listed in Table 3. was stopped brieflyté T in order to remove or attach the harmonic generatot

As can be seen from the tabulated results, for the lowd&ducing the second and third harmonics of the ESA1-110 source. The ma
esonant transitions, depicted as narrow spikes in this wide-scan represel

frequenC|es of operation of our system (24 and 33 GHZ)' th&w were excited by the nominal frequency of the ESA1-110 sodrce;
spectrometer sensitivities are substantially worse comparedi$9.3 GHz, and by its two higher harmonics, 218.7 and 328.0 GHz, respe
those obtained at higher frequencies (95 to 450 GHz). At sutlely. The much weaker EMR features occurring around 5.85 T and 9.75
low frequencies, the MVNA has to be used as the microwawere generated by the fractional harmonicégi.e., by 164 GHz (1.5¢) and

power generator. At the same time Schottky diodes are e%;’,.?}GHz (2.5.), respectively. These latter spectra disappear in the baselir
; ’ oise of the wide-scan traces and are shown in blow-up next to the corr

. . Ce . n
ployfad for d_eteCtlon since S?I’ISItIVIty of the QMC b0|om.ete§ponding resonant fields. Experimental conditions were sweep rate, 0.1 T/m
declines rapidly when operating below 70 GHz. Even at highgbdulation frequency, 8 kHz; modulation amplitude, 0.1 mT; time constan
frequency bands (110 and 220 GHz), employment of tleel s; sample temperature, 273 K.
MVNA for detection results in poor sensitivities. Hence, for
the great majority of our multifrequency high-field experitalline DPPH. The suitability of using DPPH samples as fiel
ments, we mainly employed the QMC helium cooled bolonmarkers for high-resolution high-field EMR spectroscopy up t
eter detector in combination with the Gunn diode-based mi6.5 T/465 GHz was established in our previous stuédy.(In
crowave oscillators equipped with appropriate Schottky diodgder to observe DPPH-related EMR features in the fiel

harmonic generators (spectrometer configuration 1). sweeping range of 8.25 T, we used the 110-GHz Gunn dioc
_ _ ) o oscillator that, in combination with the Schottky diode har-
2. Field Linearity and Calibration monic generator, also produced second and third harmonics

Field linearity can be defined as a statistical deviation frofff nominal frequency. Two wide-scan EMR traces resultin
the relationshiB,/I = constant, wheré is the magnet current from sweeping the main coil from 3.5to 12 T (lower trace) anc
andB, is the field generated by it. For the main set of coils (thi&om 12 to 3.5 T (upper trace) are shown in Fig. 6. Due to th
set of coils is used when the desired sweep range is larger th@lgtively fast sweeping rate, the DPPH spectral features o
+0.1 T) we measured the field linearity by acquiring EMRUrTing at the corresponding resonant fields are strongly di

signals from a small amount of a thoroughly ground polycry$orted and represented by narrow spikes in both traces. Nor
theless, such sharp EMR lines provided convenient fiel

markers for calibration of the main set of coils. The feature ¢
TABLE 3 ca. 3.9 T was excited by the nominal frequenty= 109.33
Comparison of the Detectable Minimum Number of Spins GHz, of the Gunn oscillator. Peaks at ca. 7.8 and 11.7
for the Different Configurations of the HF-EMR System corresponded to the second and third harmonids,afespee
tively. We were also able to observe two additional resonal

Configuration Frequency [GHz] Sensitivity [spins/@] T
transitions that occurred around ca. 5.85 and 9.75 T. The
2 24 ca. 16 features were produced by the fractional harmonicsfd.5
2 33 ca. 1¢' 164 GHz and 2.5; = 273.3 GHz, that were also present in the
2 ;;g e ig output of our 110-GHz source. [The Gunn diode used in thi

experiment is a “second harmonic extraction type” oscillato
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that, in addition to its nominal frequendy, also radiates weak Magnetic Field Offset of DPPH
microwave power at 1.5; = 164 GHz. In combination with

the nonlinear Schottky diode harmonic generator, this setup
produces other fractional harmonics, including 255 Al-
though very weak, the EMR signals excited by the microwave
frequencies of 164.0 and 273.3 GHz, could be retrieved from
the baseline noise of both traces. After being enlarged, they are

shown in Fig. 6 next to their corresponding resonant fields. The ﬂ

109.4 GHz

218.8 GHz

resonance field values were calculated using the resonance
condition formula that involves the microwave radiation fre- W 328.1 GHz
quency and the knowg-factor of DPPH standard. The corre- . 0.02T

sponding magnet currents were calculated based on the man-

\ . . . FIG. 8. Relative offset of the resonant magnetic field of DPPH in respec
ufacturer’s calibration factor (0'124675 T/A)' A Stralgl’]t'to the sextet of the hyperfine features of ¥1mn polycrystalline MgO/MnO.

forward linear fit gave the followingB, [T] = (0.12470%  The partly overlapped EMR spectra of both samples were recorded at thr
0.00002)1 [A], yielding field linearity of 0.02 mT/A. Addi- microwave frequencies: 109.4, 218.9, and 328.1 GHz. Instrumental settin
tionally, by running the spectra in both directions, we a|5\¢ere magnetic field sweep of 0.06 T; modulation frequency, 8 kHz; modulz
measured the field hysteresis. The effect of the field hystere’q8 amplitude, 0.025 mT; sample temperature 274 K.
in our magnet is mainly due to the presence of the supercon-
ducting switch and resistor-diode protection circuits. The mag- ) Miwi ) ]
nitude of the field hysteresis was sweep rate dependent, raﬂgmw hyperfine features of Mhwith a linewidth of 0.1 mT
ing from ~1.5 to ~10 mT for sweeping rates of 0.01 to O.l(  43. ) ) ) )
T/min. When using the main coil and sweeping the magnet in 1 "€ corresponding spectrum acquired in the sweeping ran
both directions the committed error was found to be less thgh0-06 T and using the FP resonator operating at 108.71 Gf
5 mT at the sweep rate of 0.1 T/min (an averaged value wsS"oWn in Fig. 7. The-factor andA hyperfine constant for
taken for the resonance field). One can reduce this error S Standard sample were also determined from the EM
using slower sweep rates. spectra measured at X band, yieldigg= 2.0011 andA =

A polycrystalline sample of magnesium oxide diluted if-623 mT. Wefollowed a similar method to that described
calcium oxide was used as a field marker to calibrate the fighgove for field calibration of the sweeping coil. The calculate
linearity of the sweeping coil. [The sweeping coil in oufi€ld linéarity of the sweeping coil was of 0.06 mT/A. The
HF-EMR system is employed when the total sweep range dd¥§teresis of the sweep coil was found to be substantial
not exceed+0.1 T, i.e., in high-resolution experiments.] Themaller than for the main coil, achieving its smallest value c
dilute MnO/CaO standard is often used fpfactor and field ~0-3 MT when the main set of coils was set to persistent mod
calibration purposes and provides the well-known sextet {dependent of the actual field intensity.

3. g-Factor Resolution for Different Frequencies at High
1.0 Magnetic Field

In order to check the power of tlgefactor resolution of our
MF HF-EMR system we acquired spectra from two standar
samples. We used polycrystalline DPPH and manganese ox
diluted in magnesium oxide (0.05% of MnO in MgQO) having
F-JK\JJ e distinct and well-knowrg-factor valuesgpeey = 2.0036 and

F—J Owny = 2.0011, respectively. Both standards were positione
in the same sample compartment, thus making it possible
observe simultaneously their partly overlapped EMR spectr
At a chosen microwave frequencig, the difference in the
resonance fields\Hg, for both standard samples is given by
10585 286 387 388 389 3.00 301 392  AHe = (N/B)[Goren — Gumy], whereh and B are Planck’s

Magnetic Field [T] constant and the BOhr magneton, respectively.fAt= 9.5
GHz (X band),AHg is small (of 0.00042 T) and the resonance

FIG. 7. EMR spectrum of MA" center in the polycrystalline MnO/CaO field of DPPH occurs between the third and fourth hyperfin

standard sample recorded using the FP resonator operating at 109.71 GHH@S of Mr*. At millimeter and submillimeter frequencies, as

the magnetic field sweep of 0.06 T. The main coil was kept in the persistent

mode at 3.85 T. Instrumental settings were sweep rate, 0.0012 T/min; mob%-Shown in Fig. 8, the spectral shifts are much more marke

lation frequency, 0.7 kHz; modulation amplitude, 0.025 mT; time constarf®S @ result of this, the DPPH feature overlaps with the thirt
0.3 s; sample temperature, 274 K. hyperfine line of MiA" in the trace recorded at 109.4 GHz. For

o
(3]
T

EMR Signal [A.U.]
) o
n )
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the EMR traces acquired at 218.8 and 328.1 GHz, the spectral L A B L

shift is even more pronouncedyHy being 0.0096 T and 667 OHs

0.0144 T, respectively. This illustrative result points to an 189.9 GHz
objective of using the multifrequency high-field approach for
studying spin systems with complex or overlapped EMR spec- 225.4 GHz
tra. ':;:'403 PERP.
%300 284.8 GHz
IV. APPLICATIONS § a0 A
£ 0o 325.3 GHz
The multifrequency high-field EMR apparatus that is oper- A 570.8 GH ’___,\{(
ational at the NHMFL in Tallahassee, Florida, has already been L~ Mognefle Pl 1 Zl o
applied for solving a large number of different problems. In the o 1 2 3 4 56 7 8 9 101112 13 14
following we present exemplary illustrations of its perfor- Magnetic Field [T]

mance in applications that benefited from the power of theFIG o Mulif AEMR . detected f o
. - . FIG. 9. Multifrequency spectra detected for manganese phe
multlfrequency and hlgh field approach. Morg deta|I§ Conce@lphosphonate, (Mn(PCHs) - H,0), recorded below the antiferromagnetic
ing the various experiments can be_ founq in the C'_ted ref rdering temperatureT,. The three dominant peaks in the high-frequency
ences. All spectra presented in this section are single-traggye (189.9 GHz and higher) represent three distinct AFMR modes: t
(nonaveraged) EMR measurements and the correspondingpgpendicular (PERRand PERE), and one spin-flop (PAR4), respectively.

strumental settings are given in the figure Iegends. The EMR spectra were acquired using spectrometer configuration 1. The tre
at 66.7 GHz was recorded in the sweep range of 0.5 to 5 T, while usin

. . . . spectrometer configuration 2. Inset: frequency and field dependence of t
1. Antiferromagnetic Resonance in Canted Antiferromagnejurr transitions and their theoretical fits. Instrumental conditions wert

. . . modulation frequency, 4 kHz; modulation amplitude, 1.0 mT; sample tempe
One of the major advantages of the multifrequency highg,e 5 k. aueney P P P

field EMR spectroscopy is a possibility of studying the spin

systems that are EMR-silent at conventional frequencies and ) ) ) )
fields. Antiferromagnetic resonance, a branch of EMR tecfl0des. The experimental points and theoretical fits shown

nique, is a powerful tool that provides a microscopic insigﬁf‘is inset represent a characteristig patt_ern for the frequenc
into the magnetic structure of the spin-ordered state. It enabliédd dependence of an orthorhombic antiferromagnet with tw
one to investigate the magnetic exchange and anisotropy grallel (PARA ;) and two perpendicular (PERE branches.

teractions, as well as to characterize spin-flop mechanisms Afigmagnetic fields above a critical field determined as th
spin canting in aniferromagnetically coupled spin syster’r%r."n'ﬂ()p field,Hs, the third _b_ranch of hlgh-_ﬂeld transitions
However, AFMR studies have long been restricted by techni@ficurred. These latter transitions were assigned as a para
difficulties associated with working at high magnetic fieldSPin-flop branch (PARA) and could also be followed up to
Furthermore, the necessity of operating in a broad band of higfy 13-8 T. Due to the capability of observing AFMR reso
frequencies, the prerequisite factor for successful observatliff1ces in an exceptionally wide range of electromagnetic r
of AMFR-related transitions, has also discouraged interest #tion frequencies, as well as in broad magnetic field sweey
this technique. We applied our EMR spectrometer to obser{§ could accurately determine parameters characterizing t
antiferromagnetic resonance transitions in a class of magn&g@gnetically ordered phase in this system. The analys
cally ordered manganese phosphonates. Exemplary spectra/iglded the exchange fieldje = 12.2 T and the anisotropy

quired for manganese phenylphosphonate [M;ﬁ’(QHS) . f|e|dS,HA1-= 018i 03T andHAz =0.66* 0.3 T,_as well
H,0] are shown in Fig. 9At 5 K, i.e., well below the Nel @S the spin-flop fieldHs, = 2.2 = 0.1 T. Other anisotropy-

temperature for this compound,, = 12.1 K, the AFMR related parameters, such as the Dzyaloshinsky-Moriya e

transitions occur in a wide spectrum of millimeter and submifhange termi,, = 0.4+ 0.1 T, and the canting anglg, =

limeter frequencies and in a magnetic field range of 0.3 to 48 * 0-2 deg, were also determined. These results were ma

14 T. We employed both 95 and 110 GHz operating Gurpssible due to the multifrequency capability of our HF-EMF
diode microwave sources in combination with appropriate hdRCility: A comprehensive analysis of the AFMR spectra ob
monic generators for producing the following microwave fré@ined for this and similar systems of other manganese phc
quencies: 189.9, 225.4, 284.8, 325.3, and 379.8 GHz. TRgenates can be found in Re83.

QMC bolometer was used for signal detection (spectrometfr
ggn;'%:;tlsvgsl)&];—::ursgjcut;?rg ?hcgt:\;lr\lln'\gl]Aa;Zutlr\];' né:incdroixt/aveSpeCtral Resolution of the g-Factor: Application for the
source and the QMC bolometer as the signal detector (Spec_anary Donor P700 in Plant Photosystem |
trometer configuration 2). As shown in the inset of Fig. 9, the A possibility of increasing spectral resolution of tydactor
observed transitions fall into distinct branches of AFMRhat scales with increasing frequency has always been one

Multifrequency High-Field EMR Approach for Increased
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ysis of the anisotropig-values, as well as their correlation
with the electronic structure of the dimer chlorophyll of the
108.5 GHz primary donor in plant photosystem I, was described in Re

(47). These highg-factor resolution EMR experiments, possi-

216.9 GHz ble only at high magnetic fields and at microwave frequencie

higher than 300 GHz, are the starting point for a more comple

J/\M/ 3953 GHz study of chlorophyllg-tensors as a function of electron delo-

calization in various chlorophyllic systems.

434.1 GHz 3. Application of the Multifrequency Strategy to Systems
00057, with Large Zero Field Splitting

FIG. 10. EMR spectra of the light-induced chlorophyll cation radical Paramagnetic systems with an integer electronic Spin al
P700" in photosystem | acquired at various microwave frequencies of 1081%rge zero field splitting (ZFS) are often EMR-silent at con:

216.9, 325.3, and 434.1 GHz. All EMR spectra were acquired using spectrom-

eter configuration 1. Typical instrumental parameters were modulation f%entlonal frequen0|es' Many metaHOprOtems contain met:

quency, 8.6 kHz; modulation amplitude, 0.5 mT; sample temperature, 5 KIONS With such an even number of electros< 1, 2, .. .) or
contain ion clusters which interact to give a total even electro

system and thus integer spi8(, 49. Such systems, referred to
the most appealing aspects of the HF-EMR spectroscomg non-Kramers centers, often reveal ZFS energies larger tt
Significant clarification of complex systems that have sever@le microwave quanturrhg) in conventional EMR spectrom-
EMR features overlapping at lower frequencies is expecteters hv is ~0.3 cm* at X band and~1.2 cm™ at Q band,
from experiments performed at high fields. HF-EMR alsespectively.] Thus, large ZFS systems are preferentially stu
makes it easier to analyze complgfactor tensors, since theiried by the high-field EMR techniques although, in certair
principal values can often be read from the high-field EMRpecific cases, some nominally forbidden transitions may [
powder spectra. Chlorophyll radicals that are involved in gre@fserved by parallel polarizatioB{ parallel toH,) in X- and
plant photosynthesis are known for having compiefactor Q-band EMR experiment$0, 5J).
tensors that are difficult to resolve using conventional low-field Many important biological systems, such as superoxide di
EMR technique. These radicals are considered to be primanytase, catalase, and photosystem Il, contain mono- a
donors in the photosystem reaction center and have beenpolynuclear manganese Mn(lll). On the other hand, simple
tensively studied by many research groups using a varietyrablecules containing high-spin manganedé, (S = 2) ion,
spectroscopic techniqueg4—49. They are believed to be such as Mn(lll) porphyrins and phthalocyanines, have bee
formed by a pair of chlorophyll monomers and reveal a stronged as building blocks of molecular magnei®,(53. We
g-factor anisotropy due to delocalization of the unpaired eleapplied our MF HF-EMR spectrometer to investigate a high
tron between the two halves of the radical complex. We appin manganese Mn(lll) incorporated into the molecular con
plied our MF HF-EMR system to characterize the electronjgex of Mnlli(2,3,7,8,12,13,17,18-octakis(dimethyloamino)
structure of such a radical system while investigating the catiporphyrazine chloride. High-spin manganese ion in this con
radical P700, i.e., the primary electron donor in plant phetoplex is archetypal of the many non-Kramers spin systems.
system |. Light-induced EMR spectra of P70@cquired at 5 set of exemplary EMR spectra obtained for this compound
K in the frequency range of 108.5 to 434.1 GHz are shown ghown in Fig. 11. The spectra were taken at low temperatu
Fig. 10. We employed the 110-GHz Gunn diode oscillator if~-5 K) and at high fields, whergBH/KT and A/kT > 1.
combination with the appropriate harmonic generator for réhus, the EMR features in Fig. 11 correspond to resona
cording the high-field spectra. The QMC bolometer was us#é@nsitionsM, = —2 <> M, = —1, involving the ground spin
for signal detection (spectrometer configuration 1). The EM&ate of theS = 2 manifold. The 95- and 110-GHz operating
spectrum recorded at the lowest frequency (108.5 GHz) Gunn diode oscillators combined with the appropriate ha
essentially a featureless Gaussian envelope resulting from orenic generators were used to cover the frequency band frc
resolvedg-factor anisotropy and unresolved hyperfine intera@20.6 to 475.0 GHz. The QMC bolometer was used for sign:
tions. In contrast, the EMR trace recorded at the higher hatetection (spectrometer configuration 1). The resonant tran
monic (216.9 GHz) reveals the presence of underlying partipns were observed in the field range of 0.3t0 9.6 T. A plot o
resolved spectral components. The traces acquired at 325.3 tmedresonant field values versus microwave frequency for tt
434.1 GHz reveal three distinctive components, thus showingserved EMR features is shown in the inset in Fig. 11. Sinc
the first well-resolved chlorophyll radical spectra observatb resonant transitions could be observed below 200 GHz, t
without prior deuteration. The resolved EMR features obtaineaultifrequency high-field approach was necessary to study tf
at higher frequencies enabled one to fully resolve the anississtem to determine the ZFS paramet®&sahdE) of theS =
ropy of the principal elements of trggmatrix. Detailed anal- 2 system spin Hamiltonian. The zero field intercept at 209.7
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L L L L We explored the oversized cylindrical waveguide techno
/\rz_zge_ﬂz ogy to achieve broadband performance in the whole frequen
range. This approach greatly simplified the overall design c

286.9 GHz the microwave power pathway, since the technical obstacle

320.4 GHz such as single-mode waveguide-related transmission losses:

o complexity of resonant sample probes, have been avoide
g 8 382.5 GHz Simplicity of the overall spectrometer design and its satisfac
'iﬁj j 139.5 Gz tory performance over an extended range of microwave fre
- ' guencies and magnetic fields clearly counterbalanced its intri
£ o 0w 475.0 GHzJi, sic drawbacks, such as relatively high insertion loss c

Frequency [GHz]
1 1 1

iR T Y cylindrical overmoded waveguides, lack of mode and phas
0 1 2 3 4 5 6 7 8 910 control over the microwave pathway in transmission, and re
Magnetic Field [T] atively low power levels at the sample space.

FIG. 11. Multirequency EMR spectra of Mnlll(2,3,7,8,12,13,17,18-oc- ON Selected illustrative examples, we demonstrated the p
takis(dimethyloamino)porphyrazine) chloride measured in the frequency rardg@ftial of the multifrequency high-field EMR technique. Ap-
of 220.6 to 475 GHz. This high-spi&, = 2, large ZFS spin system of Mn(lll) plication of this technique has proven to be very effective il
is EMR-silent below 220 GHz. The Gunn diode sources, ESA1-95-5 afg||owing the antiferromagnetic resonance transitions in spir
ESA1-110, in combination with appropriate harmonic generators and the Q d

bolometer detector (spectrometer configuration 1), were used for acquiring (';e ered Iayered manganese phosphonates. Therefore, the h

EMR spectra. Inset: experimental points (crosses) and a linear fit (solid line){6fdU€NCY AFMR has become a powerful technique in magn
the resonant field values as a function of the resonant frequency for i@chemical research on par with more established metho
observed EMR transitions. The zero field intercept of the linear fit in the insstich as susceptibility and magnetization studies or calorimett
yields the ZFS parameters = —3D, D = —2.33 cm”. Instrumental - g hstantialy-factor resolution enhancement at high magneti
conditions were modulation frequency, 5 kHz; modulation amplitude, 1.5 mﬁélds and microwave frequencies above 300 GHz resulted
sample temperature, 5 K. . . . .
the first well-resolved spectra of P7@0 cation radical in
photosystem | (prior to deuteration). Employment of our MF
GHz shown in the inset in Fig. 11 determines the zero fieldF-EMR apparatus for studying spin systems with large zer
splitting paramete = —3D, D = —2.33 cm®. On the field splitting (non-Kramers paramagnetic species), such
other hand, linear dependence of the resonant field verfigsphyrins and porphyrazines containing the high-siBn=(
frequency points to an assignment of the EMR features 20 Mn(lll) ion, also made it possible to observe resonar
“parallel” transitions B, || to z molecular axis), as well as for transitions in these otherwise EMR-silent spin systems, tht
E ~ 0. Detailed analysis presenting magnetic properties of tfg§abling one to accurately analyze their magnetic properties.

spin system can be found in Rel3}. either case, a combination of the high-field EMR technolog
with an ultrawide band multifrequency option of our spectrom
V. CONCLUSIONS eter provided a powerful tool for investigating the magnetic

properties of these spin systems.
We built and successfully tested the multifrequency high-
field EMR facility that operates in an exceptionally wide fre-
guency range of 24 GHz to 3 THz. The heart of our MF
HF-EMR system consists of the highly homogeneous Teslatron , . _
superconducting maanet that can be fast swebt over the ra The authors particularly ackpowledge Mr. V. W|I||am§ from the mechanica
P 9 g . . . p u/gﬁ(shop at the NHMFL for his frequent technical assistance. A.S. acknow
of 0to 15 T at 4.2 K and up to its maximum field of 17 T wheRqges the State of Florida supported NHMFL Visitors Program, Project Ne
cooled down to 2.2 K. In combination with a set of solid-state431, and Polish KBN Grant 2-PO3B-018-13. This work was also partl
microwave sources, this system enables one to acquire gwported by the Human Frontier Science Program (L.A.P.).
HF-EMR spectra of crystalllrie,_ponprystaIIme, or IIqUId hon- .Note added in proofThe MVNA used in our instrument was bought in
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